Abstract Organisms able to utilize one of several alkyland arylsulfonates as sole source of sulfur under anoxic conditions were enriched. Three fermenting bacteria, all putative Clostridium spp., were isolated in pure culture. All three organisms had wide substrate ranges for alkylsulfonates, taurine and arylsulfonates, presumably due to three different enzyme systems. One organism, strain KNNDS (DSM 10612) was selected for further characterization. The organism was possibly a new Clostridium sp., with Clostidium intestinalis as its nearest neighbor (97.6% similarity of rDNA). Strain KNNDS catalyzed complete sulfonate utilization concomitant with growth. Growth yields of approximtely 3 kg protein/mol sulfur were observed, independent of the sulfur source [e.g. sulfate, sulfide, 4-(phenyl)butyl-1-sulfonate, 2,6-naphthyldisulfonate or 4-nitrocatechol sulfate]. We failed to detect significant amounts of either an arylsulfonatase or an arylsulfatase, and we hypothesize different arylsulfatases [EC 3.1.6.1] in aerobes and in Clostridium spp.
Introduction
Desulfonation reactions in anaerobic bacteria, unknown before 1994 (Fuchs et al. 1994; Denger et al. 1996) , have now been reported independently from two continents. Discovery of desulfonation involving assimilation of the sulfur moiety (Chien et al. 1995; Seitz and Leadbetter 1995; Denger et al. 1996) was followed by dissimilation (reduction) associated with an anaerobic respiration (Lie et al. 1996 ; H. Laue, K. Denger and A.M. Cook, unpublished work) , by dissimilation (oxidation) coupled to nitrate respiration (Denger et al. 1997) , and by fermentation (K. Denger, H. Laue and A.M. Cook, unpublished work) .
Whereas the dissimilations are, as yet, restricted to substituted, naturally occurring alkylsulfonates subject to facile activation [e.g. 2-hydroxyethylsulfonate (Lie et al. 1996) or 2-aminoethylsulfonate (taurine) (Denger et al. 1997) ], the assimilatory reactions include desulfonation of inert organosulfonates, e.g. 4-tolylsulfonate (Chien et al. 1995; Denger et al. 1996) , a compound whose desulfonation has been previously observed solely in pathways containing oxygenases [e.g. Junker et al. (1994) ]. The synthesis of the oxygenases involved in the assimilation of arylsulfonates and alkylsulfonates with that of arylsulfatases is subject to global regulation in the sulfate-starvation-induced stimulon (Kertesz 1996) , whose existence and relevance in anaerobes is still uncertain.
We now report on the ready isolation from new inocula of pure cultures of further saccharolytic clostridia able to catalyze several different desulfonative reactions and to hydrolyze sulfate esters.
Materials and methods
Enrichment, isolation and growth of bacteria, and enzyme assays
The methodology of Widdel and Pfennig (1981) was used to prepare anoxic, sulfur-limited, freshwater growth medium that consisted of bicarbonate-buffered mineral salts supplemented with trace elements, a selenite-tungstate solution, vitamins, resazurin, the reductant titanium(III)nitrilotriacetate (to approximately 1 mM), carbon sources (glucose, DL-lactate, glycerol and fumarate; each 10 mM) and a single added sulfur source (60 µM) [cf. Denger et al. (1996) ]. The pH of the medium was adjusted to 7.0-7.1. Cultures were incubated at 30°C under an atmosphere of N 2 plus CO 2 (90:10, v/v) in infusion bottles sealed with butyl rubber septa.
The raw inocula from two local sewage plants (Konstanz and Radolfzell, Germany) were centrifuged under anoxic conditions (10,000 × g for 10 min, 4°C) and the supernatant fluids were discarded. Each pellet was washed three times in anoxic, sulfur-free, buffered mineral-salts solution in order to minimize extraneous sources of sulfur. Cultures (25 ml) contained about 5% (v/v) inoculum.
Pure cultures were obtained by the repeated application of the agar shake dilution method (Pfennig 1978) . Purity was checked microscopically and by plating on blood agar under air.
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Pure cultures were routinely grown in a simplified medium in which selenite-tungstate solution and resazurin were omitted. The titanium(III)nitrilotriacetate concentration was reduced to 0.5 mM, and glucose served as the sole source of carbon and energy. Growth experiments were done in 100-ml cultures inoculated (5%, v/v) from a homologous preculture. Growth was monitored as the optical density at 580 nm. Samples were taken in intervals for the determination of protein and, after centrifugation, for analyses of substrates and products.
One block of experiments was done with the prototrophic Clostridium beijerinckii EV4 (DSM 8245). Cells were harvested anoxically (2,000 × g, 20 min, 4°C) in the late exponential growth phase. The pellet was washed in N 2 -sparged potassium phosphate buffer (100 mM, pH 7.2) and resuspended in the same buffer. Cellfree extracts were prepared by three anoxic passages through a chilled French pressure cell (140 MPa). Cell debris was removed by centrifugation (3,000 × g, 15 min, 4°C).
Anoxic assays of arylsulfonatase in cell suspensions or cellfree extracts of 4-tolylsulfonate-grown cells were carried out discontinuously at room temperature (approximately 20°C) or at 30°C. The 2-ml reaction mixture in 8-ml sealed serum tubes contained anoxic buffer [100 mM potassium phosphate (pH 7.2) or 100 mM Tris-acetate (pH 8.0), with or without 1,4-dithio-DL-threitol as reductant], 50 µM 4-tolylsulfonate and up to 1.0 mg of protein. Samples were taken at intervals with gas-tight microlitre syringes and added to 0.1 M H 3 PO 4 ; 4-tolylsufonate in the samples was quantified by HPLC. ATP (2.5 mM), MgCl 2 (5 mM), glucose (100 mM) or phosphoenolpyruvate (2.5 mM) were added to reaction mixtures (to the final concentrations indicated) as possible reactants or activators.
Arylsulfatase [EC 3.1.6.1] was assayed photometrically as release of 4-nitrocatechol from 4-nitrocatechol sulfate, a standard method for this enzyme in aerobes [e.g. Beil et al. (1995) ]. Freshly prepared cell-free extracts of 4-nitrocatechol-sulfate-grown cells were used.
Analytical methods
The aromatic sulfonates and their derivatives were determined by reversed-phase HPLC with diode array detection as described elsewhere (Laue et al. 1996) . 5-Bromo-4-chloro-3-indolyl-sulfate (Xsulfate) and 2,6-naphthyldisulfonate were assayed by ion-pair chromatography (Lange et al. 1995) . Sulfide in growing cultures was quantified (Cline 1969 ) after anoxic removal of bacteria (3,000 × g, 10 min, 4°C) from the samples. If samples were analyzed in the presence of bacteria, protein hydrolyzed under the strongly alkaline conditions to release up to 15 µM sulfide. Protein in whole cells was measured by a modification of the Lowry method (Cook and Hütter 1981) with bovine serum albumin as standard.
Chemicals 5-Acetamino-4-hydroxy-3-phenylazo-2,7-disulfonate and 2,6-naphthyldisulfonate were obtained from TCI (Tokyo, Japan); 4-(phenyl)-butyl-1-sulfonate, 5-bromo-4-chloro-3-indolyl sulfate, 4-sulfobenzoate, and 4-(octyl)phenylsulfonate were from Sigma-Aldrich (Deisenhofen, Germany). 2-(4-Sulfophenyl)butyrate was kindly supplied by Dr. P. Kölbener (EMPA, St. Gallen, Switzerland). All other chemicals were of reagent grade or better and were purchased from Fluka (Buchs, Switzerland) or from Merck (München, Germany). Gases were obtained from Messer Griesheim (Ludwigshafen, Germany).
Results and discussion
Enrichment cultures, each with a single added source of sulfur, were set up under fermentative conditions with several carbon sources in order to widen the potential range of organisms able to grow. The washed inoculum grew as well in the negative controls (no added sulfur) as in the positive controls (containing sulfate or dimethylsulfoxide). However, after the first transfer, the negative controls were essentially nonturbid, and, after the third transfer at 3-to 5-day intervals, enrichment cultures with ethylsulfonate (1 of 2), 1-heptylsulfonate (2 of 2), taurine (2 of 2) or 2,6-naphthyldisulfonate (2 of 2) were as turbid as the controls with sulfate (2 of 2) or dimethylsulfoxide (2 of 2). We failed to obtain enrichment cultures with methylsulfonate, 4-(octyl)phenylsulfonate or dibenzothiophene as sole added source of sulfur. We discontinued work on the enrichments with taurine because this compound was utilized by another isolate (Clostridium beijerinckii EV4). The pure cultures isolated to utilize dimethylsulfoxide could not utilize any other compounds of interest (see below) and were not studied further. The five remaining sulfonate-utilizing enrichment cultures were subcultured six times, and we isolated three new bacteria (strains RZES, RZHS and KNNDS) from three representative enrichment cultures by two successive agar dilution series each.
Each organism grew overnight at 30°C in the simplified sulfonate-glucose-salts medium and produced gas and fatty acids. We examined the substrate ranges of the new isolates and found them to be identical and versatile and to include unsubstituted alkylsulfonates [ethylsulfonate, 1-heptylsulfonate, 4-(phenyl)butyl-1-sulfonate], the substituted alkylsulfonate, taurine, arylsulfonates [phenylsulfonate, 4-tolylsulfonate, 4-sulfobenzoate, 2-(4-sulfophenyl)-butyrate, 4-(octyl)phenylsulfonate] and disulfonates [2,6-naphthyldisulfonate, 5-acetamino-4-hydroxy-3-phenylazo-2,7-disulfonate (a dyestuff)], sulfate esters [4-nitrocatechol sulfate, 5-bromo-4-chloro-3-indolyl-sulphate (X-sulfate)], sulfate and sulfide. Since the organisms were also similar morphologically, being motile rods 2-10 × 0.5-0.8 µm in size and forming subterminal spores at the end of the growth phase, they were tentatively attributed to the saccharolytic clostridia; we concentrated on one strain, KNNDS, which we deposited with the German Culture Collection (DSMZ, Braunschweig, Germany) under the accession no. DSM 10612. Our tentative identification was confirmed by a partial sequence (450 bp) of the rDNA, which allowed the DSM to attribute the strain to Cluster I (Collins et al. 1994 ) of the Clostridia, in which -with 97.6% similarity to Clostridium intestinalis -Clostridium sp. strain KNNDS possibly represents a new species.
Clostridium sp. strain KNNDS grew exponentially with sulfate (µ = 0.55 h -1 ), 4-nitrocatechol sulfate (µ = 0.51 h -1 ) or 2,6-naphthyldisulfonate (µ = 0.32 h -1 ) as sole source of sulfur in glucose-salts medium (Fig. 1A) . Even though cultures were inoculated from homologous precultures, lag-phases varying from negligible (sulfate) to several hours were observed. In a further set of four growth experiments (Fig. 1B-E) , sulfur utilization as a function of growth (protein) was examined. Growth with 4-tolylsulfonate ( Fig. 1B ; µ = 0.15 h -1 ) was concomitant with both the utilization of the sulfur source and the production of up to three products, of which one dominated (75% of peak area) and is shown in Fig. 1B . The molar growth yield was 3.1 kg protein/mol sulfonate. Growth with 4-(phenyl)butyl-1-sulfonate ( Fig. 1C ; µ = 0.14 h -1 ) was also concomitant with utilization of substrate, but we detected no product. The yield was 3.2 kg protein/mol sulfonate. Growth with sulfide ( Fig. 1D ; µ = 0.32 h -1 ) or X-sulfate ( Fig. 1E ; µ = 0.21 h -1 ) displayed a different pattern, with substrate exhaustion occurring well before the end of growth [cf. Beil et al. (1996) ]. The overall growth yield with sulfide was approximately 3 kg protein/mol S; with X-sulfate it was approximately 4 kg protein/mol S. Growth in all cases was monophasic, similar to the curves in Fig. 1A .
Strain KNNDS produced a major product from 4-tolylsulfonate (Fig. 1B) , as did strains RZES and RZHS. These products were found to be identical (cochromatography and UV spectrum) and identical with the major product from 4-tolylsulfonate formed by C. beijerinckii EV4 (Denger et al. 1996) . The same desulfonation reaction is obviously catalyzed in all four organisms. Preliminary LC-NMR data indicate that this product retains the tolyl ring structure (G. Schlotterbeck, Tübingen, Germany, personal communication), but the complex spectrum has not been elucidated yet.
We examined the desulfonation of 4-tolylsulfonate in anoxic cell suspensions of C. beijerinckii EV4. Disappearance of the sulfonate was not observed in cells suspended in different buffer systems, but we could determine disappearance of 4-tolylsulfonate with the same batches of cells in buffers augmented to allow growth. We thus presumed that at least some form of activation was necessary for desulfonation. We then tried to demonstrate desulfonation of the sulfonate in anoxic, cell-free preparations from strain EV4, but we detected no disappearance of tolylsulfonate under any of the conditions tested. Several attempts were made in different buffers and at different pH values with addition of glucose or ATP and MgCl 2 , which might have helped in energizing. Addition of phosphoenolpyruvate as possible sulfite-acceptor also had no stimulating effect.
In the aerobic organisms studied, synthesis of the desulfonative enzyme(s) in assimilative metabolism is coregulated with arylsulfatase, which we then used as a marker enzyme [e.g. Kertesz et al. (1993) , Beil et al. (1995) , Beil et al. (1996) ]. We thus examined whether our Clostridium spp. could utilize the typical (stable, chromophoric) substrate for arylsulfatase, 4-nitrocatechol sulfate. Whereas this substrate was stable enough for growth experiments, very little of the anticipated product, 4-nitrocatechol, was detected as a transient, and the nature of the final product formed, which did not seem to be 4-aminocatechol [cf. Thurnheer et al. (1990) ], was not established. We could not detect significant arylsulfatase activity in cell extracts, at least not as formation of 4-nitrocatechol, but some substrate disappearance occurred. The well-known arylsulfatase [EC 3.1.6 .1] from aerobes thus differs markedly from its equivalent in Clostridium sp. strain KNNDS.
We have thus confirmed our idea (Denger et al. 1996 ) that medium essentially free of contaminative sulfur allows unambiguous and rapid evaluation of enrichment cultures against a nonturbid negative control and heavy growth in a positive control. A bioassay showing about 2 µM contaminative sulfur in this sulfur-free growth medium (Denger et al. 1996) was complemented by finding 1.8 µM sulfate by ion chromatography (K. H. Janssen, Sykam GmbH, Gilching, Germany, personal communication). Sulfate is thus the sole significant contaminant. This contamination represents about 3% of the total sulfur present, a vast improvement on the 20-30% contamination in phosphate-buffered medium [e.g. Denger et al. (1996) ].
In this work we used inocula from largely communal areas and immediately obtained positive enrichment cultures. The phenomenon of desulfonation of arylsulfonates has thus been reported in the USA and Europe in areas of low industrial activity; it is clear that desulfonation of nonreactive aryl-and alkylsulfonates is widespread. Indeed, where information is available, the same reaction is catalyzed by all organisms studied (Denger et al. 1996 and this paper). We again isolated Clostridium spp. [cf. Chien et al. (1995) , Denger et al. (1996) ] although the enrichment medium, which contained a range of fermentable carbon sources, was designed to allow growth of a range of different anaerobic bacteria. We do not know if assimilative desulfonation is limited to clostridia, or whether subtle changes in the medium would lead to the enrichment of other genera.
The reactions we observe are quantitative. The molar growth yield is routinely about 3 kg protein/mol substrate, whether sulfate, sulfide, sulfate ester, arylsulfonate or alkylsulfonate is involved, and the substrate is exhausted (e.g. Fig. 1 ). The same value is observed in C. beijerinckii EV4 (Denger et al. 1996) . Chien et al. (1995) present no comparable data. Three kilograms of protein/ mol S represents mass balance of the sulfur source in cell material (Cook 1987) . We presume that the X-sulfate, giving a yield of 4 kg protein/mol S, is contaminated with sulfur compounds of low molecular weight. The naphthyldisulfonate, while disappearing completely, gives the same molar growth yield as e.g. sulfate, so we presume that only one of the two sulfonate moieties is utilized. Any carbon moiety derived from the sulfonates (micromolar range) is insignificant for nutrition as compared to 10 mM glucose in the medium.
There is a major difference between the three Clostridium spp. isolated in the present work and C. beijerinckii EV4 (Denger et al. 1996) . Strain EV4 can desulfonate arylsulfonates and the activated alkylsulfonate taurine, but no unsubstituted alkylsulfonate. The new isolates share the wide substrate range for arylsulfonates and for taurine, but can also utilize a range of unsubstituted alkylsulfonates. These different patterns of utilization lead us to propose that there are at least three different sulfonatases active in these organisms: an arylsulfonatase active in all four species, an alkylsulfonatase active in three species (those isolated in this work) and a taurine sulfonatase active in all four species. The anaerobic alkylsulfonatase and arylsulfonatase can have little relationship with their oxygenolytic counterparts [e.g. Kertesz (1996) , Zürrer et al. (1987) ], whereas the catabolic pathway for taurine in e.g. Pseudomonas aeruginosa, involving transamination and subsequent hydrolysis of the C-SO 3 -bond [e.g. Shimamoto and Berk (1980) ], could function in anaerobes.
We observe desulfonation of 4-(phenyl)butyl-1-sulfonate concomitant with growth of Clostridium sp. strain KNNDS (Fig. 1C) . In contrast to work with e.g. 4-tolylsulfonate, we detect no product. Since we checked our chromatograms at higher and lower polarity, we suspect that the product of desulfonation was either further degraded to a nonaromatic compound or was transformed to a reactive product that bound quantitatively to cell material or the HPLC column.
